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ABSTRACT: We present a design approach for realizing on-chip wavelength division 

demultiplexing (WDD) schemes by integrating all-dielectric metasurfaces of TiO2 nanorod 

arrays into a SiN waveguide. The designed metasurface locally modifies the effective refractive 

index of the SiN waveguide, creating an effective WDD that selectively passes a certain band of 

wavelengths into a specific output port. A set of representative 2-channel and 3-channel WDDs 

schemes were demonstrated for input TE00/TM00 modes and operating in different bands, 

showing the flexibility of our design approach. The proposed WDD schemes are compatible with 

visible to infrared wavelengths, photolithography-based fabrication, high efficiency with 

maximum transmission of 91%, and a small footprint at a few microns. Our design method paves 

the way for realizing several on-chip integrated devices for applications in optical data 

processing and biological sensing. 

1.1  Introduction  

The massive growth of computational load by data-intensive applications such as artificial 

intelligence and machine learning has necessitated increasing the capacity of computing systems. 

Photonic Integrated Circuits (PICs), unlike their electronic counterpart, provide higher 

bandwidth density, lower power consumption, and low-loss data transport [1, 2]. Recently PICs 

have poised to play an essential role in a range of applications including optical information 

processing [3-6], neuro-inspired computing [7-10], quantum computing [11, 12], and microwave 

photonics [13, 14]. Wavelengths division demultiplexing (WDD), which separates and routes 
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different wavelengths into distinct channels, is a key functionality in PICs [15, 16]. This 

technique multiplies the bandwidth density of a single photonic waveguide by utilizing different 

wavelengths as unrelated carrier signals [17-19]. 

Several approaches are used to realize WDDs, such as échelle grating [20, 21], arrayed 

waveguide gratings [22-24], arrayed ring resonators [25, 26], photonic crystal [27, 28], and 

Multimode/Mach-Zehnder interferometers [29-32]. However, these approaches suffer from 

having relatively large footprints (10s-100s µm) that limits their large-scale integration [15]. 

Plasmonic-WDDs show more compact footprints, but they suffer from significant optical losses 

[33-37]. In contrast, WDDs-based microcavities exhibit high efficiency but narrow operating 

bandwidth and strong sensitivity to temperature, fabrication imperfections, and the surrounding 

environment [38, 39]. Devices employing the inverse design approach exhibit ultracompact 

footprints and efficient performance [15, 16, 40, 41]. However, they are limited to simple 

photonic structures [7, 42, 43], and the fabrication of inverse-design-based WDDs may not be 

fully compatible with photolithography which is necessary for large-scale production  [10, 16, 44]. 

Recently, genetic algorithms and finite element methods have been used to realize ultrasmall 

WDDs [45]. But in most of the proposed structures based on the intelligent algorithm, the 

insertion losses were significantly high and the crosstalk between the output channels was not 

considered.  

On the other hand, the advent of all-dielectric meta-photonics, which denotes structures that 

control the propagation of light at the nanoscale by arrays of ultrathin all-dielectric nanoantennas 

[46-48] has opened up a new research frontier in photonics[49]. Adopting this design concept, 

numerous compact, highly efficient, and low-loss photonic devices have been recently reported 

for free space [50-55] and guided-wave applications [56-62].[49, 60-62] 

Here, we report a design approach for realizing on-chip wavelength-division demultiplexing 

devices by integrating an all-dielectric metasurface consisting of TiO2 nanorod-arrays into a SiN 

waveguide. Our design relies on the wavelength-dependent local modification of the effective 

refractive index of the SiN waveguide induced by arrays of TiO2 nanoantennas. To prove the 

feasibility of our design approach, we propose various broadband WDDs devices that are 

compatible with infrared wavelengths (important for telecom applications) and with near-

visible/visible wavelengths which are crucial to quantum computing and optogenetics. Moreover, 



we extend our approach from two to three-channel WDDs. The proposed WDDs devices operate 

for input TE00 and TM00 modes. These WDDs devices are efficient (maximum transmission 

91 %), compact (a footprint of only a few microns), and compatible with photolithography-based 

fabrication. Our design method paves the way for realizing several on-chip integrated devices 

such as mode-selective polarization demultiplexer and hybrid mode/wavelength demultiplexer. 

 

1.2  Materials and design approach 

 The materials are selected to realize WDDs operating at different spectral regions with 

minimal absorption losses. SiN was chosen as a waveguiding medium over silicon because it 

provides a wider transparency window (λ=0.25 µm - 8 µm), lower propagation losses, and higher 

fabrication flexibility [63, 64]. Amorphous-TiO2 (a-TiO2) was selected for the nanoantenna 

arrays because of the following reasons: first, a-TiO2 enjoys a wide transparency window [65, 

66]; second, a-TiO2 has a higher refractive index than SiN, which increases the confinement of 

guided light inside the nanoantenna and thus enables engineering the effective medium of the 

SiN waveguide. The complex optical constants of SiN and a-TiO2 were obtained from the Palik 

database [67]. 

The design flowchart for a n-channel WDD (with n=2 or 3) is shown in Fig. 5-1a. We first 

assign the number of n. After that, we place n nanoantennas-arrays as metasurface. Then, we 

calculate the effective index ( )effn  of the TE00 or TM00 modes in the hybrid waveguide (i.e., 

nanoantenna-loaded SiN waveguide) at the target wavelengths using the FDE solver (Ansys, 

Lumerical Inc.). Then, we adjust the period of the placed nanoantennas-arrays to allow passing 

certain wavelength bands to the predefined output channels of the WDD. Finally, we optimize 

the device performance metrics (i.e., transmission and output channels crosstalk) by fine-tuning 

the footprint and filling ratio of nanoantennas-arrays. The device performance was verified using 

3D FDTD (Ansys, Lumerical. Inc). The designed structure was oriented along the x-direction, 

and the simulation set-up was enclosed by PML boundary conditions. A non-uniform auto mesh 

setting was applied in the simulation region with a (2.5 nm) conformal mesh size. The 

TE00/TM00 mode was injected into the input port using a mode source and with enabling multi-

frequency calculation (>>100 frequency points). The frequency-domain time power monitors 



were utilized to record the transmission and field intensity profiles in the devices. Figure 1b 

shows the calculated effective refractive index of TE00 and TM00 modes in the bare SiN 

waveguide and in a hybrid waveguide over the simulated wavelengths. As it can be seen. the 

effn  of TE00/TM00 mode in the hybrid waveguide is higher than that in the bare waveguide. 

Therefore, the effective medium of the SiN waveguide can be locally engineered by fine-tuning 

the parameters and spatial patterning of a-TiO2 nanoantennas-arrays located atop the SiN 

waveguide. Figure 5-1c shows the electric field components of input TE00 and TM00 in a bare 

SiN waveguide. 

 

Figure 1: Design approach and mechanism of proposed metasurface-based integrated wavelength 

demultiplexer. a) Flowchart for the proposed design, where 𝑛𝑒𝑓𝑓 is the effective index of the TE00/TM00 

mode in TiO2 nanoantennas -loaded SiN waveguide, Λ𝑛  is the period of n nanoantennas-arrays, and 

𝜆𝑡𝑎𝑟𝑔𝑒𝑡 is the wavelength of injected light. b) Effective refractive index of the fundamental TE and TM 

Modes in a bare SiN waveguide and in a hybrid nanoantenna/waveguide over the simulated wavelengths. 

The inset figure shows a cross-section view of the hybrid waveguide. c) Profiles of the fundamental TE 

and TM modes in a bare SiN waveguide at 1550 nm. Arrows indicate the electric field components of the 

corresponding modes. d-e) Side-views (cutting planes (XZ)) show the spatial distribution of light 

propagation along the x-axis in the device at 1550 nm, as a function of wavelength-to-period ratio in three 

distinct operating regimes: (top) radiation, where (Λ > 𝜆𝑡𝑎𝑟𝑔𝑒𝑡.); (middle) Bragg reflection, where (Λ ≈

𝜆𝑡𝑎𝑟𝑔𝑒𝑡/2𝑛𝑒𝑓𝑓.); and (below) sub-wavelength, where Λ ≪ 𝜆𝑡𝑎𝑟𝑔𝑒𝑡. These three regimes were employed 

for our design to allow passing certain wavelengths to predefined outputs, thus realizing integrated WDDs. 

The solid black lines and rectangles indicate the boundaries of the SiN waveguide and TiO2 nanoantennas. 

The operating principle of the design relies on engineering the effective medium of the SiN 

waveguide for realizing on-chip WDDs that selectively passes a certain wavelength band to 

specific output ports. This can be implemented by tuning the wavelength-to-pitch ratio 



t arg et( ) =  of the a-TiO2 nanorod-arrays [68-70], Λ .is the period of nanoantennas-arrays. 

Figures 1d and Figure 1e show simulated field intensity (𝜆𝑡𝑎𝑟𝑔𝑒𝑡 = 1550 𝑛𝑚) at the XZ plane 

when the TE00 and TM00 are injected in the structure (x-axis) from left to right. As it can be seen, 

for a given 𝜆𝑡𝑎𝑟𝑔𝑒𝑡, the device operates at three different regimes depending on the period of the 

nanorod-arrays [68, 70]. These operation regimes are as follows: Radiation Λ > 𝜆𝑡𝑎𝑟𝑔𝑒𝑡, where 

the light scatters out of the SiN waveguide; Bragg reflection ( Λ ≈ 𝜆𝑡𝑎𝑟𝑔𝑒𝑡/2𝑛𝑒𝑓𝑓 ), which 

corresponds to the photonic bandgap where light cannot pass through the nanorod-arrays [68, 70]; 

and sub-wavelength (Λ ≪ 𝜆𝑡𝑎𝑟𝑔𝑒𝑡), where structure behaves as a homogenous waveguide thus 

allows light to propagate without diffraction. Metasurfaces are subwavelength elements that 

provide local control over the phase of light. In the context of guided propagation, metasurfaces 

have shown an exceptional ability to yield highly efficient and broadband photonic integrated 

devices with unrivaled compactness [56, 57, 59, 71, 72].Note that, since the nanorod-arrays are 

periodic in a longitudinal direction (x-direction), but not in the transversal z and y directions, 

numerical analysis employing the supercell lattice methods are not suitable, and optimized 

numerical tools should be used [68, 70, 73]. To ease the optimization procedures of such multi-

dimensional structures and simplify the physical mechanism of such structures, the effective 

medium theory is typically employed. For each subwavelength nanorod-arrays, the equivalent 

medium effective index is approximated by Rytov’s equation as follows [74]: 

2 2 2n n
n_array ||

n n
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where 
2
n_array ||n ,

2 nhybrid  and 
2nbare  are the equivalent medium effective index for light 

propagation through the nanoantenna-array (along the x-direction), effective indices of hybrid 

waveguide (i.e., nanoantenna-loaded waveguide) and bare SiN waveguide, respectively, and 

n

n

W
 


is the filling ratio of n nanorod-arrays. 



1.3  Results and discussion 

1.3.1 Two-channel WDDs 

The functionality and schematic layout of the two-channel WDDs are illustrated in Fig. 2a. 

The structure comprises a TiO2 metasurface (black rods) superimposed on a center surface of a 

ridge SiN waveguide (input port) that has a width (d=3.5 μm), a ridge height (h=220 nm) and 

under-etched film height (s=200 nm) (Fig. 2b). The stem SiN waveguide (input port) is then 

connected to two output branches (output ports) having a width of (1.75 µm). The SiN input 

waveguides are bonded on a 2-μm layer of Silica substrate. 

 

Figure 2: Design of two-channel WDDs. a) The schematic illustration of the proposed metasurface-based 

integrated 2-channel WDDs. Inset (top left) shows the top view and parameters of TiO2 nanoantenna 

arrays located on the top surface of the SiN waveguide. b) Cross-sectional view shows the materials 

system used in the device and the simulation set-up (dashed green square). Note that the dimensions of 

input and output waveguides are fixed for all designed two-channel WDDs devices. 

  



 

The device is further supported on a Silicon substrate and over-coated with a 3-μm silica layer to 

increase the modal confinement inside the waveguides [56]. The a-TiO2 metasurface consists of 

two nanoantenna-arrays of a rectangular cross-section with identical length (L=1.1 µm), height 

(h=250 nm), and footprint (Lx=10 µm). The arrays  

are separated by a gap (g=180 nm) and oriented along the x-axis. Each array consists of n 

nanorods, width nW  , and pitch period n  (inset Fig. 2a). Supplementary Table S1 provides 

detailed parameters for the optimized nanoantenna-arrays of the proposed two-channel WDDs 

devices. The dependence between the target wavelengths of the WDDs devices and the pitch 

period of the antenna-array (n) is shown in Figs. S1. Note that, the refractive index contrast n  

between the SiN waveguide and dielectric TiO2 nanorod-arrays over the simulated region 

strengthens the interaction between the TE00/TM00 modes in the waveguide and the leaky modes 

in dielectric a-TiO2 nanorods (Appendix 3 Fig. S2). The equivalent medium indices 2
n_array ||n  of 

the designed nanorod-arrays as a function of its filling factor (i.e., defined as n nW  ) is 

illustrated in Fig. S3. 

 

a) Device performance for TE00 mode at different spectral regions. 

Figure 3a, Fig. 3c and Fig. 3e show the field intensity profiles
2

E for an input TE00 mode 

along the propagation direction (x-axis) of the device for a wavelength range of infrared 

region1280 nm-1050 nm (a), near-visible region 1000-850 nm (c), and visible region 640 nm-

560 nm (e). The inset depicts the out-of-plane spatial distribution of field intensity 
2

E  through 

the center of TiO2 nanorods at the XY plane. The field intensity 
2

E changes from the top side of 

the TiO2 metasurface (top nanorod-array) to the lower, showing the ability of our designed 

metasurface to selectively allow a certain wavelength band to propagate through a specific 

nanorod-arrays. Following the interaction with the metasurface, the input mode in the target 

wavelength band takes a relatively confined path in its predefined output. The proposed approach 

is suitable for realizing efficient WDDs for wavelengths at different spectral regions from visible 



to infrared. Figure 3b, 3d and 3f show the calculated transmission at output ports (port2 and 

port3) of the respective WDDs devices. Our devices enjoy broadband demultiplexing 

performances of wide bands of wavelengths (i.e., large channel spacing).  

 

Figure 3. WDDs performances for input TE00 mode. a, c, e) The simulated field intensity profiles
2

E

along the proposed WDDs at the (XY) plane for the fundamental TE00 mode operating in the infrared, 

near-visible and visible regions, respectively. The dashed lines and rectangles in the figures show 

delineate the boundaries of the input/output SiN ports and the superimposed TiO2 metasurface, 

respectively. A clear spatial separation for the different wavelengths’ bands can be observed.  The insets 

show the out-of-plane field intensity 
2

E distribution through the center of the metasurface. The fields are 

recorded at the central wavelengths of the bands. b, d, f) The calculated transmission at the output ports 

of the corresponding WDDs devices over the simulated wavelengths. The pass-bands are clearly 

distinguished in these figures. The observed transmission peaks are at 1050 nm, 1280 nm, 850, 1000 nm, 

560 nm and 640 nm, respectively. 

 

The peak transmissions are -1 dB in 1050 nm band, -1.2 dB in 1280 nm band, -0.84 dB in 

850 nm band, -0.98 dB in 1000 nm band, -1.1 dB in 560 nm band and -1.02 dB in 640 nm band, 

respectively. The lowest simulated crosstalk in the respective bands is under -15.7 dB. Our 

simulations indicate that the losses in the device are mainly due to the reflection and scattering 

events caused by the strong light-antennas interaction as well as the impedance mismatch by 



TiO2 nanorods. 

b) Device performance for TM00 mode at different spectral regions. 

 Similar to the results in Figure 3, Figure 4a, Fig. 4c, and Fig. 4e show the simulated field 

intensity profiles 
2

E for input TM00. Figure 4b, Fig. 4d, and Fig. 4f show the calculated 

transmission at output ports (port2 and port3) of the respective WDDs devices operating for 

TM00 mode. The peak transmission is -1 dB in the 1100   

Figure 4: WDDs performances for input TM00 mode. a, c, e) The simulated field intensity profiles 
2

E  

along the proposed WDDs at the (XY) plane for the fundamental TM00 mode operating in the infrared, 

near-visible, and visible regions, respectively. The dashed lines and rectangles in the figures show the 

boundaries of the input/output SiN ports and the superimposed TiO2 metasurface. b, d, f) The calculated 

transmission at the output ports of the corresponding devices over the simulated wavelengths. The pass-

bands are clearly distinguished in these figures. The observed peaks of transmission are at 1100 nm, 1450 



nm, 850, 1050 nm, 560 nm and 630 nm, respectively. 

 

1450 nm band, -1.8 dB in the 850 nm band, -1 dB in the 1050 nm band, -1.5 dB in the 560 nm 

band and -1.03 dB in the 630 nm band.  The lowest crosstalk in all the bands is ~ -10.1 dB. We 

note that our design approach can also be applied for devices working with polarized-TM00 light. 

To ensure that the input TE00/TM00 modes maintain their polarization states after the interactions 

with the metasurfaces, the electric field components at the output ports of the devices are plotted 

in Figs. S4.  

1.3.2 Three-channel WDDs 

Our design approach can also be applied for realizing multi-channel WDDs. Figure 5 shows 

the functionality and schematic layout of the proposed three-channel WDDs. The device consists 

of three nanoantenna-arrays of TiO2 located on the top center of the SiN waveguide that has a 

width (d=5 µm), a ridge height (h=220 nm), and under-etched-film height (s=200 nm). The 

output branches (output ports) have a width of (1.6 µm). The a-TiO2 nanoantennas have a 

rectangular cross-section with identical length (L=1.1 µm), height (h=250 nm), and footprint 

(Lx=10 µm). The arrays are separated by a gap (g=180 nm) and oriented along the x-axis. Each 

antenna-array consists of n nanorods, width nW  , and pitch period
n . Table S2 provides 

detailed parameters for the optimized nanoantenna-arrays of the proposed three-channel WDDs 

devices. 



  

Figure 5: Design of Three-channel WDDs. a) The schematic illustration of the proposed metasurface-

based integrated 3-channel WDDs. 

Figures 6a, and Fig. 6c show the simulated field intensity profiles 
2

E for input a) TE00 and 

b) TE00 mode along the propagation direction (x-axis) of the device at different pass-bands in 

1500 nm (left), 1050 nm (middle), and 900 nm (right). The simulated transmission spectra at 

output ports (port2, port3, port4) of the corresponding devices are plotted in Figs. 6b, and Fig. 

6d. For WDDs designed for TE00 modes, the peak transmission is -3.4 dB in 1500 nm band, -1.6 

dB in 1050 nm band, -3 dB in 900 nm band, and -1 dB in 1050 nm band. For the TM00 modes, 

the peak transmission is -3.4 dB in the 1500 nm band, -1.6 dB in the 1050 nm band, and -3 dB in 

the 900 nm band. The simulated crosstalk at peak transmission for TE00 and TM00 was -12 dB 

and -8 dB, respectively. Note that the input TE00/TM00 modes maintain their polarization states 

after the interactions with the metasurfaces, as indicated by the electric field components at the 

output ports of the devices in Figs. S5. 



 

Figure 6: WDDs performances for input TE00 and TM00 modes. a, c) The simulated field intensity 

profiles 
2

E along the proposed WDDs at the (XY) plane operating at three distinct wavelengths for the 

fundamental TE00 and TM00 mode, respectively. The dashed lines and rectangles in the figures show the 

boundaries of the input/output SiN ports and the superimposed TiO2 metasurface. b, d) The calculated 

transmission at the output ports of the corresponding devices over the simulated wavelengths. The three 

pass-bands around (900 nm, 1050 nm, 1500 nm) are clearly distinguished in the figures.  

Conclusion 

In conclusion, we presented a design approach for realizing wavelength-division 

demultiplexing schemes through integrating arrays of TiO2 nanoantennas onto SiN waveguides. 

The design concept is based on the wavelength-dependent local effective index engineering of 

SiN index induced by TiO2 meta-atoms arrays. We simulated 2-channel and 3-channel WDDs 

operating for TE00 and TM00 modes in different wavelength bands, proving the robustness and 

flexibility of our design approach. The proposed WDDS are compatible with photolithography-

based processes and display a high performance (maximum transmission 91%) and broadband 

operations with large channel spacing. This work motivates realizing other compact metasurface-

based photonic integrated interconnects for applications in high-bit-rate optical data processing 



and biological sensing. 
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